1. Introduction {#s0005}
===============

The mechanisms underlying sudden unexpected death in epilepsy (SUDEP) remain obscure, despite recognition that SUDEP is among the most common causes of death in people with epilepsy ([@bb0075]). Patients who experience frequent generalized tonic-clonic seizures (GTCS) are at even higher risk for SUDEP ([@bb0145]). Autonomic and respiratory disturbances typically accompany GTCS, with extreme transient elevations and profound declines in blood pressure and heart rate, together with induction of dangerous cardiac arrhythmia. In addition, the severe extensor and flexor somatomotor efforts accompanying tonic and clonic phases of the seizures often result in sustained apnea or apneusis ([@bb0115]; [@bb0130]; [@bb0260]). The potential for unrecoverable loss of perfusion from prolonged hypotension or cardiac arrhythmia, or sustained hypoxia from extended cessation of airflow is significant during a GTCS ([@bb0010]).

The brain mechanisms responsible for maintaining blood pressure and preserving left and right balance of sympathetic and parasympathetic output to avoid fatal arrhythmia from asymmetric outflow do not solely rest in the brainstem. Insular, cingulate, and frontal cortices exert significant influences on other limbic and hypothalamic structures that, in turn, project to brainstem structures comprising the final common output pathways for autonomic outflow ([@bb0055]; [@bb0200]; [@bb0270]; [@bb0460]; [@bb0480]; [@bb0495]). These cortical structures also influence respiratory patterning, either through blood pressure and breathing interactions ([@bb0205]; [@bb0370]; [@bb0470]), or through direct projections to brainstem respiratory nuclei ([@bb0350]; [@bb0460]). If the cortical and diencephalic structures mediating autonomic and breathing control are injured, as they are in other diseases such as heart failure and obstructive sleep apnea ([@bb0100]; [@bb0155]; [@bb0240]; [@bb0250]; [@bb0285]; [@bb0355]; [@bb0400]; [@bb0505]), the consequences for regulation of sympathetic outflow and respiratory patterning can be severe.

Significant alterations occur in functional connectivity between brain structures in patients with GTCS ([@bb0030]; [@bb0090]; [@bb0210]; [@bb0445]), presumably arising from loss of volume in neural structures ([@bb0195]), or fiber injury ([@bb0235]). The findings suggest a potential for involvement of insular and cingulate cortex regions, both of which mediate autonomic, and especially cardiovascular patterning ([@bb0220]; [@bb0375]; [@bb0380]). The insular cortices exert lateralized autonomic influences (principally sympathetic influences on the right side, parasympathetic on the left) ([@bb0385]), and the cingulate cortex serves major blood pressure and respiratory regulatory roles ([@bb0080]; [@bb0120]). In addition, frontal cortex regions which typically play inhibitory roles for motor regulation ([@bb0040], [@bb0045]; [@bb0230]; [@bb0425]) are affected in patients with GTCS ([@bb0195]), a concern considering the potential effects on the respiratory somatic musculature.

The concern for autonomic and respiratory dysregulation in GTCS is enhanced by findings that risk for SUDEP, a common cause of death in people with epilepsy, accounting for 7.5--17% of deaths in individuals with the condition ([@bb0455]), and over half of deaths in patients with intractable epilepsy ([@bb0075]; [@bb0465]), is especially increased in patients who experience frequent GTCS ([@bb0180]).

The objective of this study was to determine whether cortical regions serving autonomic regulation of cardiovascular action and somatomotor influences on breathing are altered in patients with GTCS, with the long-term goal of relating the changes to pathological autonomic and breathing patterns that may lead to a compromised status, including SUDEP. A number of analytic techniques are available to assess different aspects of cortical injury; we chose quantification of cortical thickness, an objective measure that can be systematically evaluated by a standard software package, FreeSurfer, which has been well-validated in assessments of injury in other disease conditions ([@bb0065]; [@bb0105]; [@bb0110]; [@bb0295]), and has shown good reliability across various scanners ([@bb0140]). Because females exhibit distinct patterns of functional changes and structural injury in other conditions of hypoxia and extreme blood pressure changes ([@bb0290]), and because males and females normally show different cortical thicknesses in disparate regions, we also considered GTCS changes by sex. In addition, since selected cortical areas, e.g., insula, show lateralized influences on autonomic action ([@bb0385]; [@bb0390]), partitioning of cortical thickness changes by left or right hemisphere was also required.

2. Materials and methods {#s0010}
========================

2.1. Participants {#s0015}
-----------------

We assessed cortical thickness changes in patients with GTCS using high-resolution T1-weighted MRI scans, collected from 53 GTCS patients (mean age ± SD:37.1 ± 12.6 years, 22 male) scanned at UCLA, CWRU, and UCL. The studies were approved by institutional review boards at each institution, and those documents are preserved at CWRU and at the individual institutions. Written, informed consent was obtained from each subject. Clinical variables, such as type of epilepsy and GTCS frequency, were obtained using the Center for SUDEP Research Multi-Modality Epilepsy Data Capture and Integration System (MEDCIS) database ([@bb0510]; [@bb0515]). We compared the patient group with a population set of 530 control subjects (37.1 ± 12.6 years, 220 male). The controls were selected to have 10 control subjects matched to each GTCS subject on the basis of age and gender. Data from 36 control subjects were collected at UCLA under similar informed consent procedures, and these local control scans were supplemented by data from Hammersmith Hospital of London\'s open-access IXI dataset <http://www.brain-development.org> (*n* = 322) ([@bb0095]; [@bb0160]), and the OASIS patient database <http://www.oasis-brains.org>/ (*n* = 172) ([@bb0170]; [@bb0315]), which has approval for public sharing of the images ([@bb0315]).

2.2. Magnetic resonance imaging {#s0020}
-------------------------------

High-resolution three-dimensional anatomical brain scans were obtained from GTCS subjects and controls at UCLA, CWRU, and UCL with 3.0-Tesla MRI scanners. In addition, OASIS and IXI control images, collected with both 1.5- and 3.0-Tesla scanners, were used ([@bb0095]; [@bb0170]; [@bb0315]); no systematic differences in FreeSurfer measures between images collected at different magnetic field strengths have been found ([@bb0140]; [@bb0330]; [@bb0405]).

2.3. Data processing {#s0025}
--------------------

Prior to importing to FreeSurfer 5.3, all T1-weighted images were manually rigid-body shifted to overlap the Montreal Neurological Institute template (as included with SPM12). All images were resliced into a common space and voxel size (0.9 × 0.9 × 0.9 mm) to ensure consistent processing within FreeSurfer. These resliced images were imported into FreeSurfer and processed with the standard protocol ([@bb0065]; [@bb0110]). This protocol includes skull stripping and segmentation of gray and white matter tissue types; these steps were manually checked and corrections performed if needed, as per standard FreeSurfer procedures. Images were normalized to common space and smoothed (10 mm kernel) in preparation for statistical analysis. First, a regional analysis was performed. Second, regions-of-interest were selected based on examination of the regional analysis. Using the standard FreeSurfer atlas ([@bb0070]), the average cortical thickness within each ROI was extracted for each subject.

2.4. Statistical analysis {#s0030}
-------------------------

FreeSurfer includes an implementation of a general linear model that allows for a variety of statistical tests. Group characteristics of cortical thickness, laterality of changes, and age- and sex- thickness correlations were performed (*p* \< 0.05, false discovery rate correction for multiple comparisons). Whole brain values were calculated for each subject, and then averaged to obtain mean global cortical volume and overall cortical thickness. In the regional analysis, group differences were assessed using the "qdec" graphical user interface tool. The mean thickness for each selected ROI was compared between groups. ROI mean thickness values were analyzed using two-sample, two-tailed *t*-tests assuming unequal variances. Additionally, correlations between ROI mean thickness, scaled for total intracranial volume (TIV), and GTCS frequency or epilepsy duration were assessed.

3. Results {#s0035}
==========

3.1. Demographics & global cortical changes {#s0040}
-------------------------------------------

Subject characteristics are shown in [Table 1](#t0005){ref-type="table"}. Mean ages did not differ significantly between GTCS and Control groups, and the proportion of males vs females in each group was the same (GTCS: 22/53 male, Control: 220/530 male). For each hemisphere, total cortical volume and average cortical thickness were calculated. Left and right total cortical volumes were similar in GTCS patients and controls, while mean cortical thickness in the right hemisphere was 1.6% thinner in the GTCS group (Right GTCS thickness mean ± SE: 2.42 ± 0.016, Control: 2.46 ± 0.006, two-sample *t*-test *p* = 0.03).Table 1Subject characteristics.Table 1GTCS (*N* = 53)Mean ± SDControl (*N* = 530)Mean ± SDRangeRange*P* valueAge (years)37.1 ± 12.616.5--63.537.1 ± 12.618.5--63.9\<0.98Sex22 Male, 31 Female220 Male, 310 Female= 1.00  Cortical volume (cm^3^)Left219.9 ± 25.4165.4--274.2226.6 ± 27.7149.3--31.4\<0.077Right224.0 ± 25.1170.6--27.1227.7 ± 27.4152.6--31.8\<0.319Mean ± SERangeMean ± SERangeP value  Thickness (mm)Left2.42 ± 0.0172.13--2.722.45 ± 0.0052.14--2.75\<0.071Right2.42 ± 0.0162.16--2.702.46 ± 0.0062.14--2.77\<0.031\*[^1]

3.2. Characteristics of epilepsy {#s0045}
--------------------------------

The majority of patients (34/53) had more than three GTCS in the past year, while eight had between one and three GTCS, and nine had no GTCS in the past year. For patients with well-documented seizure frequency data, the mean number of GTCS per year was similar in female and male patient groups (15 and 17 per year, respectively), although GTCS frequency in females of this study was less likely to be well-documented. Twenty-five patients had epilepsy durations of \<15 years, 18 had durations of 15--29 years, and 10 of the 53 GTCS patients had epilepsy durations of 30 or more years. Females and males had similar mean durations of epilepsy (mean ± std. dev; females: 15.9 ± 12.3 years, males: 17.7 ± 11.5 years, *p* \< 0.62). Approximately half of patients had presumed temporal lobe onset with secondary generalization ([Table 2](#t0010){ref-type="table"}).Table 2Characteristics of Epilepsy.Table 2Region of Seizure OnsetFemalesMalesMean \#GTCS/yrTemporal LobeLeft685.8Right3226Bitemporal2218.5Unspecified10\<1Focal0416.5Multifocal1140  FrontalLeft119.5Right3136.4  FrontotemporalLeft014.5Right10\>100  Temporo-occipitalRight0112Generalized8114.7Unknown509.4

3.3. Regional cortical thickness differences {#s0050}
--------------------------------------------

### 3.3.1. Combined sexes {#s0055}

The frontal cortex, temporal pole, and lateral parietal and occipital cortices showed cortical thinning ([Fig. 1](#f0005){ref-type="fig"}). T values are expressed in a colored scale, with thinning represented in cool (blue) colors, and thickening in warm (red-yellow) colors.Fig. 1Regions of significant group difference overlaid on "pial" views (A & B: showing topical view of sulci and gyri) and "inflated" views (C & D: sulci expanded and gyri flattened) for combined male and female cortical thickness data of left and right lateral (A & C) and medial (B & D) brain views of cortical thickness differences in 53 GTCS patients vs 530 age- and gender-matched controls, using sex as a covariate. t-statistic thresholds set using FDR (Rate: *p* = 0.05) Blue scale represents thinning, red-yellow scales indicate cortical thickening in GTCS patients over controls. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 1

The combined-sex values for thinning frontal cortex in the GTCS group included the left and right superior frontal, rostral and caudal middle frontal, frontal pole, temporal pole, and medial orbitofrontal areas. The lateral orbitofrontal significantly thinned, but only on the left side ([Fig. 1](#f0005){ref-type="fig"}A & C, blue areas, [Table 3](#t0015){ref-type="table"}). Increased cortical thickness appeared bilaterally in the left and right paracentral lobule, and the left postcentral gyrus. Bilateral thickening along the medial aspect ([Fig. 1](#f0005){ref-type="fig"}B) was observed in the right and left rostral anterior cingulate and cuneus, and right-sided thickening emerged in the mid-posterior cingulate, as well as in the parahippocampal, fusiform, and lingual areas ([Fig. 1](#f0005){ref-type="fig"}, [Table 4](#t0020){ref-type="table"}). Both left and right insulae thickened, as did the adjacent transverse temporal areas.Table 3Regions of Cortical Thinning.Table 3Areas of cortical thinning: cortical thickness (mm)GTCS (*N* = 53)Control (*N* = 530)Mean ± SDMean ± SDP valueLateral orbitofrontalLeft2.53 ± 0.1572.65 ± 0.164\<0.001\*Right2.55 ± 0.1682.58 ± 0.210\<0.22\^  Medial orbitofrontalLeft2.33 ± 0.1562.40 ± 0.183\<0.002\*\^Right2.32 ± 0.1812.38 ± 0.212\<0.03\*  Frontal poleLeft2.46 ± 0.4102.81 ± 0.295\<0.001\*Right2.44 ± 0.4182.80 ± 0.278\<0.001\*  Superior frontalLeft2.62 ± 0.1762.75 ± 0.155\<0.001\*Right2.57 ± 0.1792.77 ± 0.169\<0.001\*  Rostral Middle frontalLeft2.25 ± 0.1392.35 ± 0.141\<0.001\*Right2.19 ± 0.1452.34 ± 0.151\<0.001\*  Caudal middle frontalLeft2.45 ± 0.1612.54 ± 0.161\<0.001\*Right2.44 ± 0.1542.54 ± 0.180\<0.001\*  Precentral gyrusLeft2.50 ± 0.1622.48 ± 0.186\<0.48Right2.46 ± 0.1492.47 ± 0.194\<0.84[^2]Table 4Regions of cortical thickening.Table 4Areas of cortical thickening: cortical thickness (mm)GTCS (*N* = 53)Control (*N* = 530)Mean ± SDMean ± SDP valueInsulaLeft3.03 ± 0.1862.98 ± 0.185\<0.0506Right3.05 ± 0.1782.97 ± 0.170\<0.003\*  Cingulate (mean)Left2.64 ± 0.1822.58 ± 0.151\<0.04\*Right2.61 ± 0.1942.54 ± 0.148\<0.011\*\^  Rostral anterior cingulateLeft2.93 ± 0.2012.79 ± 0.254\<0.001\*Right2.89 ± 0.2652.74 ± 0.287\<0.001\*  Caudal anterior cingulateLeft2.65 ± 0.2672.59 ± 0.226\<0.15Right2.56 ± 0.2572.52 ± 0.222\<0.37  Posterior cingulateLeft2.51 ± 0.1982.49 ± 0.172\<0.43Right2.54 ± 0.2022.48 ± 0.173\<0.04\*\^  Isthmus cingulateLeft2.46 ± 0.2862.46 ± 0.213\<0.98Right2.45 ± 0.2502.41 ± 0.212\<0.18  Paracentral lobuleLeft2.34 ± 0.1742.28 ± 0.196\<0.013\*\^Right2.36 ± 0.1672.31 ± 0.212\<0.027\*  Postcentral gyrusLeft2.06 ± 0.1911.99 ± 0.137\<0.0097\*\^Right2.02 ± 0.1601.99 ± 0.151\<0.11\^  CuneusLeft1.81 ± 0.1861.77 ± 0.192\<0.08Right1.82 ± 0.1431.76 ± 0.181\<0.0084\*\^  PericalcarineLeft1.62 ± 0.1591.49 ± 0.198\<0.001\*Right1.59 ± 0.1511.48 ± 0.185\<0.001\*[^3]

### 3.3.2. Separated by sex {#s0060}

The magnitude of increase in cortical thickness was lateralized, i.e., more marked in one hemisphere over the other, with the extent of change dependent on sex ([Fig. 2](#f0010){ref-type="fig"}, [Table 4](#t0020){ref-type="table"}). Males showed bilateral thinning of the lateral orbitofrontal cortex, but females had significant thinning only on the left ([Table 5](#t0025){ref-type="table"}). In the postcentral gyrus, females showed bilateral thickening ([Fig. 2](#f0010){ref-type="fig"}A & C, [Table 5](#t0025){ref-type="table"}), but males showed only insignificant trends of thickening on the left, and no difference on the right. Males showed significant thickening in the posterior cingulate (bilaterally) and right isthmus ([Fig. 2](#f0010){ref-type="fig"}F & H, [Table 5](#t0025){ref-type="table"}), but females showed no differences in thickness on the right or left. No differences appeared in the caudal anterior (i.e., mid) cingulate with either sex or combined sexes. Taken separately by sex, both males and females had significant thickening on the right-side insula, but insignificant changes on the left; however, combining the sexes, significant thickening also appeared on the left. A similar pattern was found in the cuneus. Both sexes showed bilateral thickening of the rostral anterior cortex. These findings are displayed in [Fig. 2](#f0010){ref-type="fig"}, with statistical values in [Table 5](#t0025){ref-type="table"}.Fig. 2Regions of significant group difference overlaid on "pial" views (showing topical view of sulci and gyri) and "inflated" views (i.e. sulci expanded and gyri flattened) for data from 31 female GTCS patients vs 310 age-matched female controls (Female, A-D) and from 22 male GTCS vs. 220 age-matched male controls (Male, E-H). Lateral views (A, C, E, F) and medial views (B, D, F, H) in left and right brain views show areas of cortical thinning (blue scale) and thickening (red-yellow scales) in GTCS patients over controls, partitioned by sex. t-statistic thresholds (FDR Rate: *p* = 0.05) set in the combined male-female analysis ([Fig. 1](#f0005){ref-type="fig"}) were maintained here for consistency. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 2Table 5Differences in mean cortical thickness values (GTCS vs Controls).Table 5[^4]

### 3.3.3. Regional cortical thickness correlations {#s0065}

ROIs exhibiting significant thinning or thickening ([Tables 3](#t0015){ref-type="table"} & [4](#t0020){ref-type="table"}), were subjected to further correlation analysis. There were no significant correlations between mean ROI thickness (TIV-scaled) and duration of epilepsy (*n* = 53). The strongest correlation was observed in the left medial orbitofrontal cortex, where *r* = 0.17. For all other ROIs, │*r*│ \< 0.14. Initial analyses showed only weak correlations between GTCS frequency and mean cortical thickness. However, when patients were divided into moderate-high (3--15 GTCS/yr, *n* = 16, 7F, mean age ± std. dev:32.6 ± 13.0 years, mean duration: 18.9 ± 14.8 years) and very high (18--78 GTCS/yr, *n* = 14, 6F, mean age ± std. dev:38.1 ± 11.9 years, mean duration: 16.0 ± 9.7 years) frequency groups, strong correlations were found. In the moderate-high group, all ROIs examined showed positive correlations with GTCS frequency (*r* = 0.18--0.71, mean *r* = 0.50). The strongest correlation (*r* = 0.72) was found in the left insula, but strong positive correlations were also observed in regions of cortical thinning (right caudal midfrontal cortex: *r* = 0.67). The very high frequency group showed opposite trends, with all but the frontal pole showing negative correlations with frequency (*r* = −0.03\--0.52, mean *r* = −0.22). The right caudal midfrontal cortex, which had one of the strongest positive correlations in the moderate-high group, had one of the strongest negative correlations (*r* = −0.51) in the very high frequency group.

4. Discussion {#s0070}
=============

4.1. Overview {#s0075}
-------------

Cortical thickness differs in multiple areas in GTCS patients relative to a large number of age- and gender-matched controls. Moreover, the extent of thickening or thinning of cortical sites varies by sex and by brain hemisphere. Changes in thickness of the cingulate and insular cortices were of special interest for their established roles in autonomic and respiratory regulation and the concern of those regulatory issues in SUDEP. Other cortical regions, especially the frontal and temporal cortices, showed tissue thickness declines, and additional sensorimotor areas, particularly the pre- and post- central gyri, showed increased thickness, as did posterior areas, including the medial occipital cortex. Cortical thinning was greater in males in frontal cortex; cortical thickening was more marked in post-central gyri of females. The right anterior cingulate thickening was more widespread than the left, and affected subgenual portions of the cingulate.

4.2. Combined sexes {#s0080}
-------------------

### 4.2.1. Cortical thinning {#s0085}

Changes in cortical thickness can reflect multiple intrinsic and pathologic processes. Decreased regional thickness appears in numerous pathological conditions, including epilepsy ([@bb0020]; [@bb0035]; [@bb0125]; [@bb0265]; [@bb0340]; [@bb0475]). Here, we report extensive neocortical thinning in selected areas in patients with GTCS relative to controls, particularly in frontal cortex. Frontal neocortex thinning is common in frontal or idiopathic generalized epilepsies ([@bb0020]; [@bb0185]), but also occurs in temporal lobe epilepsy ([@bb0015]; [@bb0265]), where such thinning is associated with poor surgical outcome ([@bb0215]), and tends to correlate with duration of epilepsy and seizure frequency ([@bb0020]; [@bb0265]). Neocortical thinning, particularly of the frontal cortex, may stem from remodeling of thalamocortical networks, brought on by repeated GTCS ([@bb0020]), a possibility consistent with reported thalamic gray matter reductions in SUDEP and high SUDEP-risk patients ([@bb0490]). Here, we show that in patients with very high GTCS frequency, there is a weak-to-moderate correlation between neocortical thickness and GTCS frequency across numerous brain regions, even those that may show thinning in patients with lower GTCS frequency. Decreased cerebral blood flow is common in specific brain regions during secondarily-generalized GTCS, and may also contribute to thinning ([@bb0030]). Profound hypoperfusion occurs in the orbitofrontal, lateral frontal, and anterior and posterior cingulate cortices during seizure generalization and into the postictal period ([@bb0030]), thus establishing conditions for loss of tissue.

Frontal cortical thinning has significant implications for seizure characteristics and physiological expression. Decreased inhibition, caused by loss or restructuring of frontal inhibitory networks ([@bb0045]; [@bb0425]), can lead to increased seizure frequency, duration, or severity. Frontal cortex thinning thus has the potential to worsen the seizure condition. Further concerns rest with the roles of frontal cortex regions in cardiovascular and somatic muscle action. Autonomic areas, such as the orbitofrontal cortex, exert an integral role in cardiovascular regulation, especially in blood pressure control ([@bb0220]), and in suppression of somatic musculature, including respiratory musculature, and particularly upper airway musculature ([@bb0045]; [@bb0320]). Loss of neurons in the orbitofrontal region will diminish its normal regulatory influences on both somatic respiratory musculature and autonomic control, thus hindering the potential to recover from disruptive respiratory muscle action or extreme hypotension.

### 4.2.2. Cortical thickening {#s0090}

While thinning typically reflects loss or impaired function, interpretation of neocortical thickening is not straightforward. In dysplasia-related frontal lobe epilepsy, thickening may reflect delayed pruning ([@bb0185]), while increased cortical thickness in patients with macular degeneration likely reflects compensatory "gain of function" in peripherally-responsive primary visual cortex reflecting spared peripheral vision ([@bb0035]). Cortical thickening, including prefrontal and anterior insular cortex, may reflect experience-dependent increased neural volume ([@bb0255]; [@bb0280]), perhaps analogous to that of enhanced hippocampal volume after spatial navigation practice ([@bb0310]), and reorganization in visual cortex following vision loss ([@bb0035]). The bilaterally increased insular thickness in GTCS may develop from specialized experiences related to the condition. Repeated insular overactivation from GTC seizure processes, or as compensatory mechanisms to overcome the resulting enhanced sympathetic outflow could initiate cortical thickening. In patients with moderate-high GTCS frequency, thickness of the left insula strongly correlated with GTCS frequency. The left insula, with more involvement in parasympathetic responses vs sympathetic action on the right ([@bb0385]), also shows more extensive thickening in GTCS and poses a particular concern for SUDEP, since exaggerated parasympathetic action can lead to profound hypotension, with loss of perfusion.

The circumstances surrounding SUDEP, which include, by deduction in unobserved cases, silence and occurrence at times when the patient would be asleep, with little evidence of trauma, suggest a cardiovascular event or respiratory failure during the fatal sequence. Such physiological patterns have been confirmed in isolated observed instances ([@bb0225]; [@bb0410]). A range of potential cardiovascular failure eventualities may occur. One scenario involves a profound loss of blood pressure, which may result from severe arrhythmia, reduced cardiac output, or marked loss of vascular tone. However, major neural reflex mechanisms are normally in place to rescue blood pressure from such scenarios. These mechanisms include recruitment of action of the cerebellar deep nuclei, which serve to dampen profound hypotension or marked hypertension, with somatic responses to normalize pressure. Hypotension can be eased with exaggerated tidal volumes or tachypneic respiratory efforts, or with axial muscle extension to increase blood pressure ([@bb0150]), while transient hypertension can be normalized with cessation of respiratory efforts ([@bb0470]). If an extreme loss of blood pressure takes place during a GTCS, those recovery mechanisms that depend on the integrity of neural areas mediating blood pressure and breathing for vital support may not respond appropriately. Similarly, if the fatal event results from sustained apnea or apneusis, normal oxygen and carbon dioxide reflex recovery mechanisms may not adequately function. A need exists to determine the nature of potential neural injury that may contribute to dangerous cardiovascular sequelae in patients with GTCS, or that would interfere with recovery from such events; cortical structures exert critical roles in protection of that recovery.

Cortical thickness changes may also reflect long-term functional reorganization accompanying chronic epilepsy ([@bb0085]; [@bb0335]). Thickening of the ACC and cuneus, for example, may result from the marked increase in interhemispheric functional connectivity between these two regions in patients with GTCS ([@bb0210]), while thinning of superior frontal cortex is consistent with demonstrated declines in functional connectivity within the default mode network ([@bb0445]). The findings here of increased thickening in the paracentral lobules and precentral gyrus are supported by a recent, smaller study of patients with secondarily-generalized seizures, which showed greater gray matter volumes in the motor pathway (paracentral regions) ([@bb0190]). Such changes may underlie reduced seizure threshold, or a decreased latency to seizure generalization. The ACC helps mediate bradycardia via influences on blood pressure and heart rate ([@bb0060]). Although the ACC is spared from acute neuronal/axonal swelling in GTCS patients, long-term cortical thickening found here suggests that impaired respiratory and cardiovascular regulation may result from damage to that area. The ACC thickening may relate to decreased thalamic-ACC functional connectivity in patients at risk for SUDEP ([@bb0005]).

The neuronal architectural changes common in the hippocampus in temporal lobe epilepsy ([@bb0325]; [@bb0430]) can also take place in neocortex ([@bb0415]), and include significant increases in length and number of axon collaterals and swellings. Thickening may also reflect progressive architectural changes, stemming from glial, neuronal, or synaptic reorganization, such as those resulting from repeated episodes of severe seizure activity or status epilepticus ([@bb0050]). In patients with moderate-high GTCS frequency, seizure frequency correlated strongly with thickness of the cingulate cortex. Increased cortical thickness in the posterior and anterior cingulate is also consistent with glial activation, which is accompanied by cell swelling. Inflammatory processes resulting from repeated GTCS may contribute to such swelling. Previously, we found increased tissue homogeneity in the PCC (presumably from inflammation); however, the ACC was spared these changes in homogeneity ([@bb0360]; [@bb0365]). Altered glial function in the PCC would suggest that GTCS could induce long-term injury to both sites. The PCC plays a significant role in "intrinsic" homeostatic control, and altered functional connectivity of the PCC to other brain regions has been associated with seizures ([@bb0025]; [@bb0445]). Increased glial activation and corresponding neuronal swelling in the PCC may be associated with dysregulation of homeostatic control, perhaps contributing to the cardiovascular sequelae in patients with GTCS.

Understanding the source of the changes in cingulate volume in GTCS patients could elucidate the physiological mechanisms underlying changes in autonomic and breathing control in epilepsy. While cingulate cortex structures were evaluated here, those structures project to frontal and temporal areas which also showed significant changes, and an understanding of the operating mechanisms must include interactions between these other cortical areas and the cingulate cortex.

4.3. Sex-specific effects {#s0095}
-------------------------

A remarkable aspect of the GTCS-induced changes in cortical thickness was the different extent of changes by sex, particularly since we observed no major differences in duration of epilepsy or frequency of GTCS between these groups. A significant factor in determining neural influences on breathing and cardiovascular control in disease conditions is sex; such conditions, including obstructive sleep apnea, heart failure, and congenital central hypoventilation syndrome can show significant injury in cardiovascular and respiratory regulatory brain sites ([@bb0245]; [@bb0250]; [@bb0285]; [@bb0295]; [@bb0355]), but that injury frequently differs substantially between males and females, especially in limbic areas ([@bb0290]). Moreover, responsiveness of affected brain sites to evoked pain or blood pressure challenges significantly differs between sexes ([@bb0165]; [@bb0300]; [@bb0305]). The mechanisms underlying these pattern differences between males and females are unclear, but there is a potential for sex-related protective mechanisms and consequent injury differences to exist in GTCS, where analogous exposure to hypoxic and extreme blood pressure changes are common in the condition.

Differences in cortical thickness exist between healthy males and females ([@bb0275]; [@bb0450]). To account for any inherent sex differences contributing to the findings, we partitioned by sex, comparing male and female GTCS patients to male and female controls, respectively. The sex differences we identified were not confined to autonomic regions, but also included somatosensory areas such as the postcentral gyri, which showed bilateral increases in females but only left-sided increases in males. Males showed bilateral thinning of the orbitofrontal cortex, but female thinning appeared only on the left. Cortical areas with prominent autonomic regulatory roles also showed sex-related thickness changes; the posterior cingulate and isthmus were significantly thicker in males, but not so in females, and the anterior cingulate, while thicker in GTCS over controls, showed no such gender separation. The right insula was thicker for both sexes, but thickening in males was less on the left. Some sex-related processes modify the extent and localization of cortical thickening. Those processes may be related to perfusion-related differences between the sexes ([@bb0135]; [@bb0420]), the presence of neuroprotective factors in females, such as progesterone ([@bb0175]) or estrogen ([@bb0345]; [@bb0440]; [@bb0500]), differences in the origin or duration of epilepsy, or other contribution. Differences in the extent of injury between sexes in other conditions with remarkable cortical damage, such as obstructive sleep apnea are well-known ([@bb0290]), and have been attributed to altered perfusion or susceptibility to hypoxic injury between males and females ([@bb0135]). Such disparities in laterality and extent of injury have direct implications for specific severities of symptoms accompanying GTCS. Equally important is the knowledge of sites of such injury, and the need to tailor specific interventions for males versus females to counteract the neural pathology.

4.4. Hemispheric lateralization {#s0100}
-------------------------------

The lateralization of cortical thickness changes, whether sex-dependent or not, deserves attention, since cortical regions within the left or right hemisphere exert such substantially different influences on cardiovascular and somatic output. The most obvious of these lateralization issues as a concern rest with the insular cortices, with the right side exerting much more influence on sympathetic action, and the left, parasympathetic influences ([@bb0385]). Both sides showed thickening, but only barely on the left with combined sex data. Presumably, this finding suggests a more-robust sympathetic influence during seizures. Compromised function of the right insula may contribute directly to increased cardiovascular risk. Lesions of the right, but not left, insula, along with right frontal and parietal lesions, are associated with cardiac arrhythmias following stroke ([@bb0435]). The unequal sex-related thinning of the orbitofrontal cortex, with males showing more thinning suggests that more cortex may remain in females to suppress respiratory motor and autonomic actions than in males. There is evidence to suggest that GTCS alter SUDEP risk differently in males from females. While male gender is associated with an increased overall risk of SUDEP ([@bb0180]), the association between high seizure frequency and increased SUDEP occurrence is much stronger in females ([@bb0485]).

Some of the alterations, such as thickening of the ACC and cuneus, likely reflect increased interhemispheric functional connectivity ([@bb0210]), possibly leading to facilitated seizure generalization. We speculate that thinning in frontal areas, particularly in the orbitofrontal cortex, may interfere with important inhibitory processes on respiratory somatic musculature action and on blood pressure control, prolonging activation of inspiratory musculature to recover from an apnea, or diminishing influences on other brain structures needed to restore blood pressure. The bilateral increased thickness in the insular cortices are a particular concern, since the right insula exerts major influences on extent of sympathetic outflow, with the possibility of exaggerated asymmetric outflow levels increasing the possibility of dangerous cardiac arrhythmia ([@bb0435]), while the left (parasympathetic influences) could lead to significant postictal bradycardia/asystole, a finding associated with GTCS and with SUDEP or near-SUDEP ([@bb0410]).

5. Limitations {#s0105}
==============

Numerous processes have the potential to influence changes in brain structure in GTCS patients, with some of these changes possibly altering cardiovascular and respiratory regulation. Those factors include long-standing use of antiepileptic medications, which, although not well described, may influence cortical thickness ([@bb0395]). In other conditions, such as schizophrenia, typical antipsychotic medications lead to cortical thinning, while other "atypical" antipsychotics appear to be associated with cortical thickening in the same regions ([@bb0475]). Sampling and other issues precluded distinguishing many of these factors in this study. Future large-scale studies could factor antiepileptic drug use into the analysis, and might also group patients by etiology, duration of epilepsy, and seizure frequency. Here, we combined patients with generalized and initially focal temporal lobe onsets. Prospective analyses should separate these groups, and would also benefit from the addition of a separate group, comprised of patients who experience only focal seizures.

The processes underlying semi-automated FreeSurfer analysis pose potential issues with respect to the validity of "cortical thickness" as a measure. Statistical analysis of discrete brain regions relies upon a degree of independence from adjacent regions. These assumptions of independence may not be met, due to interdependence of adjacent brain structures. In addition, statistical thresholds would ideally be calculated across individual regions; however, the present cortical thickness analysis methodology uses only a single whole-brain threshold. Such statistical issues would lead to overly-conservative findings (i.e.*,* increased risk of false negatives). Although the GTCS patients and the UCLA control patient values were all measured with a 3 T scanner, the OASIS control subjects were assessed with 1.5 T devices, leading to a concern of signal precision with lower-field scanners. However, FreeSurfer values are relatively immune to such field strength variations, likely because the processing algorithms down-sample the scans to a common resolution ([@bb0140]; [@bb0405]).

6. Conclusions {#s0110}
==============

Widespread cortical thickness changes occur in patients with GTCS relative to controls, with alterations appearing in cortical areas with significant influences on cardiovascular and breathing patterns. Occurrence of GTCS is the major risk factor for SUDEP ([@bb0145]). For patients with as few as three GTCS per year, SUDEP risk is increased 15-fold over GTCS-free patients ([@bb0145]), but the mechanisms by which GTCS increase this risk are unknown. The morphologic changes in cortical areas regulating sympathetic outflow, together with the alterations that can modify breathing patterns and recovery from apnea suggest the development of injurious circumstances that enhance conditions for SUDEP. The extent, localization and lateralization of changes in cortical thickness varied by sex. Whether these sex differences result from neuroprotective effects, male-female differences in cerebral blood flow, or other unknown factors is unclear. However, the differences emphasize that consideration of sex is essential in assessing brain changes with GTCS. Cardiovascular and other autonomic control, as well as certain somatomotor regulation is typically lateralized; thus, the preferential cortical thickness changes by hemisphere must be a major consideration in determining MRI-measurable biomarkers of increased cardiovascular and respiratory pathology. The correlation data emphasize again the importance of reducing the number of GTCS, a factor that exerts a significant influence on extent of cortical changes. The current practice guidelines urge management of epilepsy therapies and counseling GTCS patients on the importance of medication in reducing SUDEP risk. Future guidelines might include tailored recommendations based on MRI findings.
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[^1]: Two-sample, two-tailed *t*-tests assuming unequal variances. (\*) indicates significant *p*-value.

[^2]: Mean cortical thickness values of frontal lobe ROIs in combined male and female group from 53 GTCS patients vs 530 age- and gender-matched controls. Two-sample, two-tailed t-tests assuming unequal variances. (\*) indicates significant p-value. (\^) indicates significant GTCS sex-related differences relative to controls; see [Table 5](#t0025){ref-type="table"} for details.

[^3]: Mean cortical thickness values of insula, cingulate, parietal, and occipital ROIs in combined male and female group from 53 GTCS patients vs 530 age- and gender-matched controls. Two-sample, two-tailed t-tests, assuming unequal variances. (\*) indicates significant p-value. (\^) indicates significant GTCS sex-related differences relative to controls; see [Table 5](#t0025){ref-type="table"} for details.

[^4]: Differences in mean cortical thickness values (GTCS vs Controls) in ROIs where change in cortical thickness differed between females and males. Females: 31 GTCS patients vs 310 age- and gender-matched controls, Males: 22 GTCS patients vs 220 age- and gender-matched controls. Two-sample, two-tailed t-tests, assuming unequal variances. (\*) indicates significant p-value. Blue-shaded cells indicate significant (asterisks) thinning in GTCS over controls, orange-shaded cells indicate significant (asterisks) thickening in GTCS over controls.
